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FOREWORD 
This  r e p o r t  i n  t h r e e  volumes, summarizes t h e  r e s u l t s  f o r  a  McDonnell Douglas 
Phase  A s t u d y  of a Two Stage-Fixed Wing Space T r a n s p o r t a t i o n  System f o r  NASA MSC, 
and is  submi t t ed  i n  accordance w i t h  NASA Cont rac t  NAS9-9204 Schedule  11, The t h r e e  
volumes of t h e  r e p o r t  are: Volume I - Condensed Summary; Volume I1 - P r e l i m i n a r y  
Design; Volume I11 - Mass P r o p e r t i e s .  Th i s  is Volume I11 which p r e s e n t s  a summary 
of t h e  mass p r o p e r t i e s  d a t a .  
T h i s  w a s  a f i v e  month s t u d y  commencing 1 6  J u l y  1969 w i t h  t h e  f i n a l  r e p o r t  
submi t t ed  on 1 5  December 1969. The o b j e c t i v e s  of t h e  s t u d y  were  t o  p r o v i d e  
v e r i f i c a t i o n  of t h e  f e a s i b i l i t y  and e f f e c t i v e n e s s  of t h e  MSC in-house s t u d i e s  and 
p r o v i d e  d e s i g n  improvements, t o  i n c r e a s e  t h e  d e p t h  of e n g i n e e r i n g  a n a l y s e s  and t o  
d e f i n e  a  development approach.  The p r e l i m i n a r y  d e s i g n  was t o  be  accomplished i n  
accordance w i t h  t h e  d e s i g n  requ i rements  s p e c i f i e d  i n  t h e  s t a t e m e n t  of work, and w i t h  
more d e t a i l e d  requ i rements  provided by MSC at t h e  o u t s e t  of t h e  s tudy .  
A f t e r  t h e  s t u d y  had p rogressed  t o  about  t h e  mid-point, NASA r e d i r e c t e d  t h e  
s t u d y  from a b a s e l i n e  12,500 l b s  payload o r b i t e r  t o  a 25,000 l b s  payload o r b i t e r  
and changed t h e  payload compartment s i z e  from I1 f t  d iamete r  by 44 f t ,  l o n g  t o  a 
1 5  f t  d i a m e t e r  by 60 f t  long.  D i r e c t l y  a f t e r  t h i s  change t h e  program was i n t e r r u p t e d  
s o  t h a t  MDAC could respond t o  s p e c i a l  emphasis requirements  imposed by t h e  September 
Space S h u t t l e  Management Counci l  Meeting. 
I n  t h e  i n t e r e s t  of c l a r i t y  and e x p e d i t i n g  t h e  r e p o r t ,  t h e  a d d i t i o n a l  con- 
f i g u r a t i o n s  s t u d i e d  w i l l  n o t  b e  covered i n  t h e  document. Only t h e  c o n f i g u r a t i o n  
hav ing  a 25,000 l b s  payload i n  a 1 5  f t  d iamete r  by 60 f t  l o n g  payload compartment 
i s  d e s c r i b e d  i n  t h i s  r e p o r t .  However t h e  i n f o r m a t i o n  on o t h e r  c o n f i g u r a t i o n s  had 
been t r a n s m i t t e d  p r e v i o u s l y  t o  NASA as t h e  work p rogressed .  
The s t u d y  inc luded  e i g h t  t a s k s :  F l i g h t  Dynamics Ana lys i s ,  Thermal P r o t e c t i o n  
System, Subsystem Analyses ,  Design; Mass P r o p e r t i e s  Ana lys i s ;  Miss ion A n a l y s i s ;  
Design S e n s i t i v i t y  Analyses ;  and Programmatic Analyses.  
The s t u d y  was managed and s u p e r v i s e d  by Winston D. Nold, Study Manager o f  
McDonnell Douglas A s t r o n a u t i c s  Company - E a s t e r n  D i ~ i s i o r ~ .  NASA t e c h n i c a l  d i r e c t i o n  
was a d m i n i s t e r e d  through James A. Chamberlin, and c o n t r a c t u a l  d i r e c t i o n  was provided 
b y ~ w i l l i e  S. Beckham from NASA Manned S p a c e c r a f t  Center .  
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1. SUMMARY 
The growth of f u t u r e  manned space exp lo ra t ion  i s  dependent upon the  develop- 
ment of a reusable  space t r a n s p o r t a t i o n  system wi th  ope ra t iona l  p r a c t i c e s  s i m i l a r  
t o  p re sen t  day a i r c r a f t  procedures.  Such a  system could achieve a  dramatic 
reduct ion  of ope ra t iona l  c o s t s  and allow a r ap id  expansion of space f l i g h t .  
A two s t a g e  conf igura t ion  s a t i s f y i n g  these  requirements has  been conceived 
by NASA-MSC. An important  f e a t u r e  of t h i s  conf igura t ion  is  t h a t  both the  o r b i t e r  
and boos t e r  have f ixed  wings and t a i l  and look s i m i l a r  t o  convent ional  a i r c r a f t .  
The f i x e d  wing provides good subsonic c r u i s e  and h o r i z o n t a l  landing c h a r a c t e r i s t i c s  
which a r e  very s i m i l a r  t o  p re sen t  day h igh  performance a i r c r a f t .  
The a b i l i t y  t o  e n t e r  t he  atmosphere wi th  a  f i xed  wing i s  made poss ib le  by 
conf igur ing  the  veh ic l e  t o  be aerodynamically s t a b l e  a t  h igh  angles  of a t t a c k  of 
approximately 60'. This e f f e c t i v e l y  exposes only the  bottom su r face  t o  the 
e n t r y  hea t ing ,  which i n  t u r n  i s  a l s o  considerably reduced because of t he  low 
planform loading. S u f f i c i e n t  a n a l y s i s  has  been accomplished t o  show t h a t  t h i s  
concept i s  f e a s i b l e .  A veh ic l e  can be aerodynamically configured t o  have a  
hypersonic through subsonic v e l o c i t y  high a t r i m  po in t  and a l s o  be  ab1.e t o  f l y  
subson ica l ly  a t  a  t r i m  low a. 
A r e a c t i o n  c o n t r o l  system i s  used t o  provide on-orbit  a t t i t u d e  c o n t r o l  and 
t e rmina l  rendezvous and docking t r a n s l a t i o n  AV. The RCS a l s o  provides a t t i t u d e  
damping and r o l l  a t t i t u d e  c o n t r o l  f o r  l i f t  vec to r  o r i e n t a t i o n  about  the  v e l o c i t y  
v e c t o r  dur ing  en t ry .  
Designs of both s t a g e s  i nco rpora t e  convent ional  s t r u c t u r a l  design techniques. 
The f i x e d  wing i s  of convent ional  cons t ruc t ion ,  except  f o r  t h e  h e a t  p ro t ec t ion .  
The fuse l age  uses  an  i n t e g r a l  tank s t r u c t u r e  with assoc ia ted  frames t o  p ick  up t h e  
concent ra ted  loads.  The f a n  c r u i s e  engines a r e  f i xed  i n  t h e  forward fuse l age  which 
a i d s  i n  balancing t h e  v e h i c l e  and s i m p l i f i e s  t h e  i n s t a l l a t i o n .  The primary hea t  
p r o t e c t i o n  i s  provided by s i l i c a  c l o t h  faced hardened i n s u l a t i o n  and pyrol ized 
carbon lamina te  composite. 
We have concluded t h a t  t h i s  concept is  a v i a b l e  conf igura t ion .  The t e c h n i c a l  
a n a l y s i s  and design r e s u l t s  bear  t h i s  o u t ,  As appropr ia te ,  p e r t i n e n t  ana lyses  and 
d a t a  generated by the  NASA-MSC in-house s tudy i s  included i n  t h e  r e p o r t .  
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2. iUSS PROPERTIES REVIEW 
E f f o r t s  have been d i r e c t e d  toward de f in ing  a r e a l i s t i c  and achievable  weight 
f o r  t h e  s p e c i f i c  p o i n t s  design undertaken. I n i t i a l  work was on a 12,500 pound 
payload v e h i c l e  which was worked i n  d e t a i l .  La t e r  e f f o r t s  turned t o  a 25,000 pound 
payload veh ic l e .  I n i t i a l  s i z i n g  of t h i s  v e h i c l e  was based upon parametr ic  a n a l y s i s  
of t h e  12,500 pound vehic le .  Again a d e t a i l  po in t  design was pursued t o  i n s u r e  
t h a t  t h e  con f igu ra t ion  mass p r o p e r t i e s  were adequately defined and achievable.  
Resul t s  of t h i s  work show: 
o Carefu l  a t t e n t i o n  must be  given t o  t h e  s t r u c t u r a l  d e t a i l s  t o  minimize weight 
i n  body s t r u c t u r e ,  wing, t a i l s ,  and landing gear.  
o Minimum weight approaches must be used i n  t h e  thermal p r o t e c t i o n  system 
wi th  p a r t i c u l a r  ca re  given t o  s h i n g l e  attachment t o  t h e  body. 
o Propulsion feed  systems, p r e s s u r i z a t i o n  systems, engines,  and gimbal 
systems must b e  minimized from a weight viewpoint. 
o Remaining systems do not  "drive" t h e  design.  
o Carefu l  packaging must be  done t o  meet cen te r  of g rav i ty  requirements.  
The s t r u c t u r a l  weight i n  t h e  o r b i t e r  can be t raded  pound f o r  pound wi th  payload 
o r  about 35 pounds of gross  launch weight per  pound of s t r u c t u r e .  I n  order  t o  keep 
cargo weight up and gross  launch weight down t h e  s t r u c t u r e  must be analyzed wi th  
minimum weight i n  mind. Frame spacing is  important t o  t h e  s t r u c t u r a l  s t r e n g t h  of t he  
v e h i c l e  but  a l s o  t o  t h e  thermal p r o t e c t i o n  system support weight. Care must b e  taken 
t h a t  frame spacing is  n o t  too g r e a t  hence fo rc ing  the  thermal p r o t e c t i o n  suppor t  
weight up. Twenty inches has been used i n  t h i s  ana lys i s  t o  provide a reasonable 
balance between T.P.S. and s t r u c t u r e  weight. The propulsion systems i n e r t s  make 
up twenty e i g h t  percent  of the  o r b i t e r  landing weight ( l e s s  ~ a ~ l o a d )  and hence must 
be given c a r e f u l  cons idera t ion .  Also due t o  t h e i r  l a r g e  i n e r t  weight these  systems 
must be balanced about t h e  requi red  c e n t e r  of g rav i ty  a s  c lo se ly  a s  poss ib l e .  A l l  
o t h e r  systems i n  t h e  o r b i t e r  make up l e s s  than ten  percent  of t h e  landing weight 
( l e s s  payload).  Therefore a f i n a l  conf igura t ion  i s  not  h ighly  dependent on any of 
t hese  systems and major e f f o r t  was no t  placed he re  except t o  de f ine  a reasonable 
va lue  and i n s u r e  t h a t  i t s  center  of g rav i ty  is  defined.  Center of g rav i ty  requirements  
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t o  meet aerodynamic c r i t e r i a  have caused concern throughout  t h e  s tudy .  The v e h i c l e  
must b e  d e n s e l y  packaged i n  t h e  nose  area and l a r g e  w e i g h t s  must b e  ba lanced  about  
t h e  r e q u i r e d  cen te r -o f -g rav i ty .  
Group weight  summaries and m i s s i o n  h i s t o r i e s  a r e  shown i n  F igures  1 and 2 f o r  
t h e  12,500 pound and 25,000 pound payload v e h i c l e s .  
Var ious  methods have been used t o  determine t h e  v e h i c l e  we igh t ,  Body s t r u c t u r e  
on t h e  o r b i t e r  was analyzed by t h e  s t r u c t u r e  group and t h e n  weighed based upon 
c a l c u l a t e d  gages.  A m u l t i p l y i n g  f a c t o r  was used t o  account  f o r  off-optimum d e s i g n  
and s p l i c e s ,  f i t t i n g s ,  a t t achment  and o t h e r  non-analyzed i t ems .  Th is  f a c t o r  was 
1 .28  i n  complex a r e a s  i . e . ,  t h r u s t  s t r u c t u r e / t a i l  pick-up. I n  t h e  "clean" t a n k  
area a m u l t i p l i e r  of 1.10 was used.  Booster  s t r u c t u r e  was p a r a m e t r i c a l l y  e v a l u a t e d  
based  upon a n a l y s i s  of o t h e r  c o n f i g u r a t i o n s  s t u d i e d  and l o a d  d a t a  f o r  t h e  b o o s t e r .  
Engine d a t a  was used from vendor e s t i m a t e s  based upon t h r u s t  l e v e l s  and expansion 
r a t i o .  The approximate r a t i o s  d e f i n i n g  t h e  methodology used a r e  shown i n  F i g u r e  3.  
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3. DETAIL WEIGHT ESTIMATES 
Data i n  t h e s e  pa ragraphs  w i l l  e x p l a i n  how t h e  i n d i v i d u a l  group weigh t s  were  
genera ted .  
3 .1  Body S t r u c t u r e  - Body s t r u c t u r a l  we igh t  i s  shown i n  F i g u r e  4 f o r  t h e  
25,000 pound payload c o n f i g u r a t i o n .  
The hydrogen t ank ,  oxygen t a n k ,  t a n k  webs, s i d e  p a n e l s ,  longerons ,  and f rames 
were s i z e d  based upon o r b i t e r  l o a d s  and t h e n  weighed based upon r e q u i r e d  gages  t o  
meet t h o s e  loads .  C a l c u l a t i o n  f o r  t h e s e  we igh t s  t h e n  was based upon numer ica l ly  
i n t e g r a t i n g  t h e  r e s u l t  of t h e  s t r u c t u r a l  a n a l y s i s  on a pounds p e r  i n c h  v e r s u s  body 
s t a t i o n  p l o t .  The weight  computat ions  a r e  shown i n  F i g u r e  5. 
The two aluminum t a n k s  a c t  as a p a r t  of t h e  pr imary bending moment e lements  i n  
t h e  v e h i c l e .  Bending moments do n o t  s e t  t h e  major  p o r t i o n  of t h e  weight  however. 
I n t e r n a l  t ank  p r e s s u r i z a t i o n  de te rmines  t h e  pr imary s k i n  gage and t h e  moment adds 
o n l y  t o  t h e  l o n g i t u d i n a l  s t i f f e n i n g  on t h e  s k i n .  For t h e  oxygen t a n k  t h e  s k i n  gage 
f o r  p r e s s u r e  needs t o  be  i n c r e a s e d  by o n l y  t e n  p e r c e n t  t o  account  f o r  a n  e q u i v a l e n t  
s k i n  gage s i z e d  t o  w i t h s t a n d  b o t h  t h e  maximum bending moment and s k i n  p r e s s u r e .  
On t h e  hydrogen t a n k  t h e  i s s u e  i s  more complicated due t o  t h e  t h r u s t  l o a d s  which 
must b e  absorbed i n t o  t h e  t a n k  s k i n ,  hence t h e  f a c t o r  v a r i e s  a long  t h e  t a n k  l e n g t h .  
On a n  o v e r a l l  view however, t h e  hydrogen t a n k  i s  twenty p e r c e n t  o v e r s i z e d  f o r  t h e  
p r e s s u r e  on ly  c o n d i t i o n .  
S i d e  p a n e l - w e i g h t s  were based upon an  a n a l y s i s  by t h e  s t r u c t u r e s  group and t h e n  
a numer ica l  i n t e g r a t i o n  p l u s  non-optimum by t h e  weight  group. The s i d e  p a n e l s  a r e  of 
t i t a n i u m  s o  t h a t  they may form a p o r t i o n  of t h e  o u t e r  mold l i n e  which is s u b j e c t  t o  
t empera tu res  of approximately  800°F. S i n c e  t h e s e  p a n e l s  a r e  w a r m ,  thermal  
g r a d i e n t s  have i n c r e a s e d  t h e i r  weight  by 625 pounds. Over t h e  e n t i r e  t ank  l e n g t h  
5 
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TOTAL LOX TANK(LESS NON-OPTIMUM) .0962 
+ 10% NON-OPTIMUM 
TOTAL LOX TANK 
TOTAL H TANK(LESS NON-OPTIMUM) .0626 
+ 10% N~N-OPTIMUM 
TOTAL TANK 
F ~ g u r e  5 
t h e  s i d e  panel  has an equiva len t  thickness  of 0.10 inches ( f o r  one s i d e )  and a t o t a l  
weight of 4464 pounds. 
The longerons form the  upper cap element i n  t h e  bending s t r u c t u r e s .  These 
t i t an ium,  channel shaped caps average 1.07 square inches ( inc luding  non-optimum 
m u l t i p l i e r  of t e n  p e r c e n t ) ,  The frames which provide tank s t i f f n e s s  and support  t he  
thermal p ro t ec t ion  system a r e  nominally .060 inch t h i c k  aluminum a t  20 inch spacing 
g iv ing  a running weight of 2.09 poundslinch ( inc luding  a t e n  percent  m u l t i p l i e r ) .  
These frames weigh 2662 pounds. 
Forward and a f t  of t he  payload door i s  a s t r u c t u r a l  s k i n  which provides an o u t e r  
mold l i n e  shape and he lps  s t i f f e n  the  frames, This  s k i n  is  t i tan ium a t  an equ iva l en t  
th ickness  of .043 inches which gives a weight of 1305 pounds. 
Bulkheads were analyzed by two methods. The s t r u c t u r e s  group analyzed t h e  
forward, common and a f t  bulkheads which r e s u l t e d  i n  weights of 140, 672, and 140 
7 
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pounds r e s p e c t i v e l y .  A s imple  c o r r e l a t i o n  was performed on e x i s t i n g  bulkheads  (Fig- 
u r e  6)  and t h e  d e r i v e d  w e i g h t s ,  w i t h  20 p e r c e n t  compl ica t ion  f o r  t h e  double-bubble 
shape,  were  108,  840, and 117 pounds r e s p e c t i v e l y .  For each bulkhead,  t h e  h e a v i e r  
of t h e  we igh t s  o b t a i n e d  from t h e  two methods was used.  
T h r u s t  s t r u c t u r e  and b o o s t e r  a t t achment  were analyzed from s t r u c t u r a l  a n a l y s i s  
of t h e  l o a d  a c t i n g  on t h e  s t r u c t u r e  and t h e  s p e c i f i c  geometry. The t h r u s t  s t r u c t u r e  
weight  i n c l u d i n g  a twenty e i g h t  p e r c e n t  m u l t i p l i e r  (due t o  t h e  h i g h  complexi ty  of 
t h e  a r e a  w i t h  t h r u s t  l o a d s  and t a i l  l o a d s  i n t e r a c t i n g )  was 4140 pounds. T h i s  i s  
BULKHEAD ta1GI-R AGREEMENT 
Y = PRGDICTED BULKHEAD UNIT WEIGHT - LB/SQ. FT . 
8 Figure 6 
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about .0046 times the  vacuum t h r u s t  of t h e  engines.  The inter-connect ing weight 
between t h e  v e h i c l e s  i s  composed of two bulkheads and a k e e l  wi th  a s s o c i a t e d  
mechanisms f o r  i n su r ing  r e l e a s e  of t he  veh ic l e s .  This i s  p r imar i ly  an aluminum 
s t r u c t u r e  wi th  a weight of 2500 pounds. The remaining i tems were done pa rame t r i ca l ly  
from s t a t i s t i c a l  d a t a  on t 'conventionaltt  a i r c r a f t .  The equat ions and d a t a  used a r e  
shown i n  F igure  7. 
B a f f l e  weights ,  acous t i c  d e l t a  weight and payload doors r ep re sen t  weight 
bogies  f o r  i tems which were no t  analyzed b u t  must be  weighed. B a f f l e s  a r e  equiva len t  
t o  .12 inches  over t h e  tank area .  The a c o u s t i c  d e l t a  weight has  been included 
t o  account f o r  n o i s e  from t h e  j e t  c r u i s e  engine. It i s  taken a s  1.5 pounds per  
square f o o t  over 100 square  f e e t .  The payload doors a r e  t i t an ium and have been 
weighed a t  2.0 pounds per  square foot .  Maneuver tankage was a l l o c a t e d  a t  f i v e  
percent  of t h e  p rope l l an t  weight. 
The boos ter  body weight a n a l y s i s  was s i m i l a r  t o  the  o r b i t e r  a n a l y s i s  except  
t h a t  t h e  bending s t r u c t u r e  was modeled by t h e  s t r u c t u r e s  group t o  o b t a i n  weight 
r a t h e r  than computations of a number of s ec t ions .  The modeling techniques used 
boos ter  loads  and p re s su res  on t h e  two tanks r e s u l t i n g  i n  an oxygen tank weight of 
11950 pounds and a hydrogen tank weight of 22450 pounds. Frame weight was 8100 
pounds, Bulkheads weights  were computed us ing  the  bulkhead es t imat ion  shown f o r  
t h e  o r b i t e r .  Remaining items were analyzed us ing  t h e  s t a t i s t i c a l  methods d iscussed  
above, 
3.2 Wing - The breakdown of wing weight i s  shown i n  Figure 8 f o r  t h e  25,000 
-
pound payload veh ic l e .  Leading edge weight is  15.0 pounds per  l i n e a r  f o o t  of 
lead ing  edge. This  va lue  was e s t ab l i shed  from a n a l y s i s  of a carbon-carbon over 
honeycomb b u i l t  up sec t ion .  
Torque box s t r u c t u r e  weight was analyzed using the  Morgan method. I n  t h i s  
method m a t e r i a l  p r o p e r t i e s ,  wing geometry and loading a r e  v a r i a b l e s .  Both t h e  
car ry- thru  and exposed wing a r e  weighed based upon t h e  loading condi t ions .  
Allowances have been made f o r  j o i n t s ,  s tandard  gages and non-optimum t o  y i e l d  a 
r e a l i s t i c  weight f o r  space s h u t t l e  wing torque  box. Resul t s  a r e  t abu la r i zed  i n  
Figure 9. The torque  box weight shown i s  f o r  500 degree Fahrenhei t  8-1-1 Titanium, 
The wing has an a spec t  r a t i o  of 7., planform t ape r  r a t i o  of .353, t h i ckness  
over roo t  chord l eng th  of .b4, thickness  over t i p  chord l eng th  of . l o ,  and u l t i m a t e  
load f a c t o r  of 3.75. The wing was weighed us ing  a gross  weight of 166,500 pounds 
f o r  t h e  design condi t ion .  Double s l o t t e d  f l a p  weight f o r  t h e  wing was der ived  from 
9 
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STRUCTURAL WEIGHT INCREMENTS 
JING PICK-UP 
(552) 
JOSE GEAR ATT. 
(330 
JET ENG. PROV. 
(1312) 
COCKPIT 
(1369) 
MAIM C;EAR ATT . 
C 1313 
EQUATION 
W - a008 b 
w~ Nz COS Q 
WG = 167640 LB 
' Nz = 3.75 
b = 108.8 FT. 
Q = 6.50 
q = 750 psf 
S = 40 FT2 
L = 118 I N .  
FN = 123500 LB 
1.3 .6 
= .135 (PERM) Pd L*N PERM = 10.5 FT Pd = 10.4 p s i  
L = 15.8 FT 
W N = 4  T .it = 3.85 
*4  T = l.4500 LB 
T * N  N = 4 j 
.9 
= 3.24N L = 15.8 FT D = 3.67 FT 
L = EQ I N .  
Figure 7 
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STRUCTVRAL WEIGHT I N C  
(Continued) 
VERT TAIL ATT. SAME AS ABOVE 
Figure 7 (Con't) 
WING WEIGHT BREAKDOWN 
(25,000 LB PAYLOAD) 
Cont ro l  Surfaces  
T r a i l i n g  Edge Flaps 
T r a i l i n g  Edge Flap Tracks 
Figure 8 
an  empi r i ca l  c o r r e l a t i o n  of DC-8, DC-10, DC-9, CL-28 and Caribou a i r c r a f t .  Uni t  
weight f o r  a  f l a p  i s  g iven  by .76 ( S  * K)  * 25 where S is t h e  f l a p  a r e a  i n  square  
f e e t  and K i s  the equiva len t  a i r speed  i n  knots  a t  t h e  t ime f l a p  d e f l e c t i o n  begins .  
The curve i s  c o r r e l a t e d  t o  aluminum f l a p s  and an allowance of t e n  percent  ha s  been 
included t o  convert  t o  t i t an ium,  Flap a r ea  i s  284.8 square  f e e t  over t h e  inboard 
65% of t h e  wing span. Flap t r a c k  weight was est imated a s  for ty- four  percent  of t h e  
f l a p  weight.  Ai le rons  have been weighed on t h e  b a s i s  of four  pounds per  square  f o o t .  
The a i l e r o n s  cover t h e  outboard 30% of exposed wing span and have an a r e a  of 76,8 
square  f e e t .  
1 1  
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TORQUE BOX STRUCTURE WEIGHT 
ORBITER 
Figure 9 
The boos te r  wing was analyzed i n  t h e  same manner a s  t he  o r b i t e r  wing. Non- 
dimensional geometry w a s  he ld  t h e  same f o r  t he  boos t e r  wing and the  des ign  weight 
r a i s e d  t o  367,000 pounds. The torque box weight d i s t r i b u t i o n  i s  shown i n  F igure  10. 
A weight t r a d e  a n a l y s i s  between an aluminum and t i t an ium wing was conducted. 
The wing s t r u c t u r e ,  thermal p r o t e c t i o n  and t o t a l  wing weights  a r e  shown i n  F igure  11 
p l o t t e d  a g a i n s t  bondl ine temperature  of t h e  meta l  wing. Parameters s e l e c t e d  i n  t h e  
p l o t  n e a r l y  s imula te  those  f o r  t h e  o r b i t e r  des ign  condi t ion .  
3.3 T a i l  - T a i l  s t r u c t u r e  i s  subdivided i n t o  h o r i z o n t a l  and v e r t i c a l  t a i l ,  
and t h e i r  weight summary is  shown i n  Figure 12. 
The lead ing  edge weight and torque box weight (Figure 13) were determined by t h e  
wing methodology d iscussed  above. ~ l e v a t o r / r u d d e r s  and t h e i r  attachment weight 
(F igure  14) have been def ined  us ing  "conventional" a i r c r a f t  s t a t i s t i c a l  methods 
based upon a r e a ,  chord th icknesses ,  hinge moments, and spans.  These equa t ions  a r e  
12 
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Basic She l l  WBS = 1.75 (area)  
.75 
Drive Rib WDR = .46 ( H . M , / ~ ~ )  C m N  
H.M. - hinges moment - in-i//1000 
tm - mean thickness - inches 
'm - mean chord - f e e t  
N - number of surfaces  
Hinge WH = .40 (H.M.) * '  b N 
b - span - f e e t  
support W = *25 (WBS+WDR+WH) 
i 
TORQUE BOX WEIGHT DISTRIBUTION 
BOOSTER 
Figure 10 
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WING WEIGHT VARIATION WITH TEMPERATURE 
Figure 1 1  
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TAIL STRUCTURE WEIGHT SUMMARY 
Figure 12 
3 . 4  Thermal P r o t e c t i o n  System - The thermal  p r o t e c t i o n  system weights  a r e  
shown f o r  t h e  o r b i t e r  and boos te r  i n  F igures  15 and 16 r e spec t ive ly .  
Thermal p r o t e c t i o n  on t h e  mold l i n e  occurs  i n  two forms - (1) hardened 
compacted f i b e r  (HCF) supported by e i t h e r  a t i t an ium s t r u c t u r a l  s k i n  o r  a honeycomb 
pane l ,  o r  ( 2 )  t i t an ium sh ing le .  The HCF over s t r u c t u r a l  s k i n  ( t h e  s k i n  i s  n o t  coded 
t o  t h e  thermal  p r o t e c t i o n  system) occurs  i n  t h e  nose a r e a  and i n  an  a r e a  over  t h e  
o r b i t e r  wing, The HCF i s  a l s o  a t tached  d i r e c t l y  t o  t h e  aerodynamic s u r f a c e s  
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TORQUE BOX W I G H T  
Figure 13 
ELEVON /RUDDER WEIGHT 
Basic S h e l l  
Figure 14 
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THERMAL PROTECTION SYSTEM WEIGHTS 
(ORBITER) 
GROW 
Body T.P.S. 
Nose Cap 
Bottom X/L = ,028 t o  .27 
Bottom X/L = .27 t o  .48 
Bottom X/L = . 48  t o  .75 
Bottom X/L = .75 t o  1.0 
Top & Sides  X/L = , 028  t o  .27 
Lwr S ide  X/L = .27 t o  1 . 0  
S i d e  Wing Imp. over  S t r u c t .  
S ide  Wing Imp. over  P a n e l s  
S ide  Ti S h i n g l e s  
TOP 
Base Heat  
Hydrogen Tank I n s u l .  
Wing 
Horz. T a i l  
T o t a l  
WEIGHT 
(13757) 
1 3  1 
1180 
1860 
1967 
1466 
1438 
2 400 
160 
513 
1460 
1182 
339 
1822 
1600 
I 
UNIT 
WEIGHT 
1.9 #/D' 
1 .75  #/a' 
2.57 #/ot 
2 , 2 3  B/b' 
2.05 / / /a'  
0 .81  //ID' 
1.59 #/u' 
.99 Illo' 
1 .72 #/a '  
1.20 # / l3 '  
.30 #/a' 
1.84 #/u' 
.395 #/a' 
1 . 4  #/n' 
1.4 #/n' 
Figure 15 
THERMAL PROTECTION SYSTEM WEIGHTS 
(BOOSTER) 
.64 /\/a' & . 7 1  #lo' 
.64  ill^', 1 . 2 1  i / /o ' ,  1.32 # / o f  
1 . 2 1  /yo' & 1.32 #/D' 
1 . 2 1  //lo' & 1.32 ///a' 
1 . 2 1  #la' & 1.32 I lu '  
Vert. Tai l  
Hydrogen Tank 
Figure 16 
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load ca r ry ing  s t r u c t u r a l  s k i n , -  The HCP on.~honeycomb panels  (here  t h e  panel  and 
a s soa i a t ed  support  s t r u c t u r e  back t o  t h e  tank i s  included i n  TPS weight) occurs  
along t h e  bottom and t h e  lower seven f o o t  of t h e  s ides .  There is  a l s o  an i n t e r f e r e n c e  
hea t ing  a r e a  above t h e  o r b i t e r  wing where HCF i s  a t tached  t o  a  panel.  The t i t an ium 
s h i n g l e s  a r e  used above t h e  seven f o o t  zone on t h e  s i d e s  t o  a  he ight  where t h e  
bending s t r u c t u r e  forms t h e  ou te r  mold l i n e  on t h e  o r b i t e r .  Since t h e  boos ter  
bending s t r u c t u r e  is a l l  i n t e r n a l ,  t i t an ium s h i n g l e s  cover nea r ly  a l l  of t h e  a r e a  
a f t  of s t a t i o n  790 and above the  lower s i d e  "hot1' zone. 
Unit  weights  were der ived  from an a n a l y s i s  by thermodynamics of t h e  i n s u l a t i o n  - 
HCF and/or micro qua r t z  - and by s t r u c t u r e s  of t h e  panel  and panel  support.  A 
summary of t hese  u n i t  weights  f o r  t he  o r b i t e r  is  shown i n  Figure 17. Booster T.P.S. 
u n i t  weights  were derived i n  a  s i m i l a r  manner. 
3.5 Main Propuls ion  System - Main propulsion system i n e r t s  and p rope l l an t  
a r e  shown i n  Figure 18  f o r  o r b i t e r  and booster .  
Engine weight was e s t ab l i shed  from vendor d a t a  f o r  t h e  parameters of Sea l e v e l  
t h r u s t  and expansion r a t i o .  Common engines have been used i n  both o r b i t e r  and 
boos ter  producing 400,000 pounds of s ea  l e v e l  t h r u s t .  The expansion r a t i o  on t h e  
f i r s t  s t a g e  is  42,5:1 g iv ing  an engine weight of 4010 pounds per  engine whi le  t h e  
second s t a g e  expansion r a t i o  i s  100: l  ( r e t r a c t a b l e )  g iv ing  an  engine weight of 4446 
pounds pe r  engine. Gimbal weight f o r  t h e  engine is  1 5  percent  of t h e  engine weight.  
The feed system f o r  t h e  engines i s  a  l a r g e  weight item.and has an unfavorable  c e n t e r  
of g r a v i t y - l o c a t i o n .  Line s i z e  i s  10  inches on t h e  f u e l  l i n e  and 10.6 inches  on 
t h e  ox id i ze r  l i n e s  r e s u l t i n g  i n  u n i t  l i n e  weights of 14.9 pounds per  f o o t  and 15.8 
pounds pe r  f o o t ,  r e spec t ive ly .  These u n i t  weights r e s u l t  i n  3069 pounds of ox id i ze r  
l i n e s  and 821 pounds of f u e l  l i n e s .  This  a l lows f o r  rou t ing  from the  tank t o  t h e  
engines p lus  t e n  diameters  of l eng th  t o  account f o r  l o c a l  rou t ing  a t  t h e  engine. 
P r e s s u r i z a t i o n ,  f i l l  and vent ,  and purge systems were r a t i o e d  from Saturn d a t a .  
3 . 6  - The landing system weight was derived us ing  a i r c r a f t  
s t a t i s t i c a l  d a t a  and then a  comparison was made using t h e  same methods on DC-8 and 
DC-9 a i r c r a f t .  The r e s u l t i n g  weight information i s  shown i n  Figure 19. 
Figure 20 l i s ts  a s soc t a t ed  des ign  d a t a  t h a t  was used i n  de f in ing  t h e  gear  
weight. In a d d i t i o n  t o  the  gear ,  a  drag chute  has been added t o  both o r b i t e r  and 
boos ter  a t  282 pounds and 450 pounds, ~ e s p e c t i v e l y .  
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UNIT WEIGHTS 
MAIN PROPULSION SYSTEM 
Engines (2  o rb ,  10  boos t )  
Gimbals 
Valving 
Lines  
P r e s s u r i z a t i o n  (Dry) 
F i l l  & Vent 
Purge 
To t a l  ( I n e r t )  
Useable P rope l l an t  
I n -F l i gh t  Loss 
Hold Down P r o p e l l a n t  
T o t a l  P r o p e l l a n t  
To t a l  System 
Figure 17 
Figure 18 
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WEIGHT COWABISOM 
Figure 19 
DESIGN DATA 
Distance Between Strut CL to CL in 
Distance from Trunnion CL to Brace 
Attac in Fus. (in.) 
Axle Spread-Wheel CL to CL (in.) 
Strut (extended) Length-Axle to 
Trunn. (in.) 
Piston Stroke (in.) 
No. of Struts per Plane 
No. of Axles per strut 
No. of Wheels per strut 
Size-Dia. x width (in.) 
Wheel Diameter (in.) 
Pressure (PSI) 
Figure 20 
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3.7 - The c r u i s e  sys tem w e i g h t s  a r e  
g i v e n  i n  F i g u r e  21  f o r  o r b i t e r  and b o o s t e r .  
The f a n  e n g i n e s  have been s e l e c t e d  from manufactures  s p e c i f i c a t i o n  t o  meet t h e  
r e q u i r e d  performance.  Four JT8D-9 e n g i n e s  a r e  used i n  t h e  o r b i t e r  and w i l l  meet 
t h e  cl imb-out requirement  o r  t h e  eng ine  o u t  c r i t e r i a .  The eng ines  are c u r r e n t l y  i n  
u s e  on commercial a i r c r a f t  p rov id ing  14,500 pounds of s e a  l e v e l  t h r u s t  p e r  eng ine .  
The b o o s t e r  h a s  s i x  JT3D-7 eng ines  producing 17,000 pounds of s e a  l e v e l  t h r u s t .  
The f u e l  t a n k  and feed  system have been analyzed u s i n g  a i r c r a f t  s t a t i s t i c a l  
d a t a .  O r b i t e r  f u e l  i s  s t o r e d  i n  t h e  wing t o r q u e  box c e n t e r  s e c t i o n  and a  t a n k  i s  
n o t  r e q u i r e d .  The b o o s t e r  t a n k  i s  forward near  t h e  eng ines .  The d i s t r i b u t i o n  f o r  
t h e s e  sys tems  i s  shown i n  F i g u r e  22.  
Engine a c c e s s o r i e s  i n c l u d e  l u b e  and c o n t r o l s .  These v a l u e s  were e s t i m a t e d  
f o r  t h e  o r b i t e r  b u t  were n o t  e s t i m a t e d  f o r  t h e  b o o s t e r  a s  t h e  eng ine  weigh t  i n c l u d e s  
t h e s e  i t e m s .  Usable  f u e l  f o r  t h e s e  sys tems i s  based upon f i v e  minu tes  of maximum 
power f o r  t h e  o r b i t e r  (approximately  f i f t e e n  minu tes  of r e a l  f l i g h t  t ime)  and f o u r  
hundred e i g h t l y  m i l e s  of c r u i s e  range f o r  t h e  b o o s t e r .  
3.8 Systems - The remaining systems w h i l e  r e q u i r e d  f o r  completeness  of t h e  
v e h i c l e  do n o t  d r i v e  t h e  d e s i g n  of t h e  v e h i c l e .  There fore ,  l i t t l e  s p a c e  w i l l  b e  
devoted t o  t h e  sys tem and on ly  a  weight  t a b u l a t i o n  w i l l  be  inc luded  and shown i n  
F i g u r e  23. 
CRUISE PROPULSION FUEL TANK AND FEED 
FUEL TANK & FEED 
ENGINE ACCESSORIES 
TOTAL INERT 
USEABLE FUEL 
RESERVE FUEL 
TANK/FLEX BAG 
LINES 
VALVES 
I 
REFUEL, AIR 
REFUEL, GROUND 
I 1 PRESSURIZATION 1 *0° 1 400 1 / QUANTITY IND. SYS. 
23 I 2 3  j 
I SEALANT 
Figure 21 1 
1 TOTAL 
Figure 22 
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SYSTEM WEIGHTS 
RC S 
-
Thrus ter  & I n s t a l .  
Lines, Valves, Mtg. 
Tankage, Press .  
To ta l  I n e r t  
Useable P rope l l an t  
To ta l  System 
AERODYNAMIC CONTROLS 
Cockpit Control 
Autopilot  
Flap Control  
Aileron Control 
Elevator  Control 
Rudder Control  
HYDRAULICS 
Power System I 
Power System I1 
Power System I11 
I ELECTRICAL POWER SYSTEM I 
Generation 
D i s t .  & Cont. 
Mounting 
C i rcu i t ry  
ORBITER I BOOSTER 
AUTOMATIC CONTROLS, G&N, INSTRUMENTATION & COMMUNICATIONS 
G&N (1470) 
I n t e t i a l  Sensors 120 
Nav. Computer 120 
Cent ra l  Computer 180 
Rate Gyro Pack 15 
A i r  Data Sensor & Proc. 40 
Rend Radar 300 
Docking Sensor 6 0 
Opt ica l  Sensor & Proc. 60 
I / R  Sensor & Proc. 6 0 
Auto Land Decoder 30 
Radar Alt imeter  6 0 
Vortac Decoder 4 0 
(1085) 
Mounting 45 
C i rcu i t ry  340 
Figure 23 
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SYSTEM WEIGHTS (CONTINUIED) 
Figure 23 (Con't) 
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T h i s  s e c t i o n  p r e s e n t s  t h e  v e h i c l e  we igh t ,  c e n t e r  of g r a v i t y ,  and i n e r t i a  
v a r i a t i o n  throughout  a  nominal miss ion .  Center  of g r a v i t y  r e q u i r e m e n t s  f o r  t h e  
a i r c r a f t  c r u i s e  p o r t i o n  of t h e  m i s s i o n  c r e a t e  t h e  g r e a t e s t  problems from a m a s s  
p r o p e r t i e s  v iewpoint .  The e f f e c t s  of t h e  v a r i o u s  sys tems on c e n t e r  of g r a v i t y  
l o c a t i o n  c a n  b e  s e e n  i n  F i g u r e  24 f o r  t h e  o r b i t e r  and F i g u r e  25 f o r  t h e  b o o s t e r .  
The t h r u s t  s t r u c t u r e ,  t a i l ,  e n g i n e  and f e e d  system tend  t o  b e  t h e  i t e m s  which 
c o n t r i b u t e  t o  t h e  a f t  c ,g . ;  w h i l e  nose  s t r u c t u r e ,  equipment and c r u i s e  sys tem 
p u l l  t h e  c .g .  forward.  Center  of g r a v i t y  envelope i s  shown f o r  t h e  launch 
c o n f i g u r a t i o n  t o  s e p a r a t i o n  i n  F i g u r e  26. Reference a x i s  is t h e  b o o s t e r  t a n k  
c e n t e r l i n e  w i t h  i n c r e a s i n g  X toward t h e  t a i 1 , a n d  Z upward. Y o u t  t h e  r i g h t  wing 
completes  a  r i g h t  hand c o o r d i n a t e  system. F i g u r e  27 d e f i n e s  t h e  b o o s t e r  c e n t e r  
of g r a v i t y  t r a v e l  from s e p a r a t i o n  t o  l and ing .  F i g u r e  28 p r e s e n t s  similar d a t a  f o r  
t h e  o r b i t e r ,  
Sequenced mass p r o p e r t i e s  are shown f o r  t h e  l aunch  c o n f i g u r a t i o n  i n  F i g u r e  29; 
f o r  t h e  b o o s t e r  from s e p a r a t i o n  i n  F i g u r e  30; and f o r  t h e  o r b i t e r  from launch  i n  
F i g u r e  31. The weight  W i s  i n  pounds; c e n t e r  of g r a v i t y  X, Y ,  and Z i n  i n c h e s ;  
r a d i u s  of g y r a t i o n  KX, KY, and KZ i n  i n c h e s ;  moment of i n e r t i a  IXX, I Y Y ,  I Z Z  i n  
2 2 
s l u g - f t  ; and produc t  of i n e r t i a  PXY, PYZ, and PZX i n  s l u g - f t  . Boos te r  r e f e r e n c e  
a x i s  was used  f o r  t h e  launch c o n f i g u r a t i o n  mass p r o p e r t i e s .  
Figure 24 
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CENTER OF GRAVITY (ORBITER) 
ORBITER STATION (IN.) 
(-1 ( + I  Figure 25 
LAUNCH TO SEPARATION TO C.G. TRAVEL 
LONGlTUDlNAb C.G. - WL VEaFlCAL C.G. - Z - INCHES 
BOOSTER REFERENCE ABOVE BOOSTER TANK g 
Figure 26 
26 
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C.G. ENVELOPE - SEPARATION TO LANDING 
(Booster) 
LONGITUDINAL C.G. - X / L  V E R T I C A L  C.G. - 2-INCHES R E F  T A N K  - 
Figure 27 
C.G. ENVELOPE - SEPARATION T O  LANDING 
(Orbiter) 
- 
L O N G l T U D l N d l  C.G. - XdL VERTICAL C.G. - Z INCHES 
ABOVE TANK @ 
Figure 28 
27 
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LAUNCH CONFIGURATION 
- - -- - - -  - - - - - - 
Figure 29 
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BOOSTER 
-- 
1 ~ x 8  49679401 IYY. ifbfP4488r PZZS f i88%6528r  
431747eQ A =  1316r52 Y o  909 Z a  =12elG 
K X e  233178 YY. 778e52  K Z s  793058 
J X X .  4739166, 1 Y Y s  525564480 IZZI 546089608 
- - --* - . -- -- - 
- - - - -- P-;Zk, - -3  P Y Z .  - 0 .  PZX. 11433471-e- 
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BOOSTER (Continued) 
,Figure 30 (Can't) 
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/- 500876eO - XI . 821.77 p- --- r 0 0  Z ? I  27 r 05 K X .  110.33 K Y *  395067 K Z p  29721 e07 - I X X 8  13159010 I Y Y .  16924784t TZ2*5497486336e PXY. 30r PYZm 02e P Z X *  977172. I 
4 8-39!? 4 Z r C A  . - X x  879r92 Y e  
# X r  122e18 K Y m  
I X X .  1287049e 1 Y Y r  1464512 l r  IZZ.5495192576r 
PXY. 28r PYZ. ~ 1 3 0  P Z X 8  807563. 
Y B  . A S P ~ ~ ~ - X =  - -- 9 I+?? ~ A _ - Y  a_ _ -  -_ - @ O O  2 . -  - 45943 
K X  @ 139r09 K Y w  4369.4 1 K Z  B 38526 r 44 
I X X =  - 1 2 4 4 5 7 8 ~  IYYr 12252767, 
26.  PYZr - 3 e  PZXa  
Figure 31 
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OBBITER (Continued) 
Figure 31 (Con't) 
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APPENDIX A 
This Appendix p re sen t s  the mass p r o p e r t i e s  da t a  i n  t he  NASA-MSC format. 
Design d a t a  f o r  bo th  the  o r b i t e r  and boos t e r ,  and weight summaries f o r  t h e  
o r b i t e r ,  boos t e r ,  and combined launch conf igura t ion  a r e  included.  
VEHICLE CHARACTERISTICS 
A PAYLOAD: 25,000 LB (UP & DOWN) 
PAYLOAD BAY: 15 F T  x 60 F T  
GROSS L I F T  OFF WT: 2.854 M L B  
CROSS RANGE: 230 N.M. 
210.8 F T  FT MANEUVERING AV: 2000 FTiSEC 
MAX L I D  HYPERSONIC 
ORBITER: 1.6 
BOOSTER: 1.6 
LANDING SPEED: 138 KNOTS 
MAX L/D SUBSONIC 
ORBITER: 8.10 
BOOSTER: 7.15 
LANDING WEIGHT 
ORBITER: 158,840 LB 
BOOSTER: 317,310 LB 
Figure 32 
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GENERAL ARRANGEMENT - ORBITER 
E Y  
WETTED AREA 11,967 F T ~  
M L  VOLUME 66,480 F 1 3  
WETTED AREA 
VERTICAL T A l L  
WETTEDAREA 910 F T ~  
THEO. AREA 455 F T ~  
Figure 33 
GENERAL ARRANGEMENT - BOOSTER 
BODY 
WETTED AREA 21,800 F T ~  
M L  VOLUME 164,380 F T ~  
WETTED AREA 5,408 F T ~  
T H E 0  AREA 3,700 F T 2  
HORIZONTAL T A l L  
WETTED AREA 3,216 F T ~  
T H E 0  AREA 2,152 F T ~  
VERTICAL T A l L  
WETTEDAREA 2,094 F T ~  
T H E 0  AREA 1,047 F T ~  
Figure 34 
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SPACECRAFT SUMMARY WEIGHT STATEMENT 
CONFIGURATION: Orbiter 
ITEM OR MODULE 
F - -  
SPACECRAFT 
M MANNED LAUNCH 
U UNMANNED LAUNCH 
Figure 37 
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SPACECRAFT SUMMARY VIEIGHrnSPATEMENT 
Booster 
SPACECRAFT 
M MANNEDLAUNCH 
U UNMANNED LAUNCH 
Figure 38 
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SPACECRAFT SUMMARY WEIGHnSTATEMENT 
CONFIGURATION: Booster - Orbi te r  Combined 
Figure 39 
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